The lactic acid bacterium Streptococcus thermophilus is widely used as a starter culture for the production of dairy products. Whole-genome sequencing is expected to utilize the genetic basis behind the metabolic functioning of lactic acid bacterium (LAB), for development of their use in biotechnological and probiotic applications. We sequenced the whole genome of Streptococcus thermophilus MTCC 5461, the strain isolated from a curd source, by 454 GS-FLX titanium and Ion Torrent PGM. We performed comparative genome analysis using the local BLAST and RDP for 16S rDNA comparison and by the RAST server for functional comparison against the published genome sequence of Streptococcus thermophilus CNRZ 1066. The whole genome size of S. thermophilus MTCC 5461 is of 1.73 Mb size with a GC content of 39.3%. Streptococcal virulence-related genes are either inactivated or absent in the strain. The genome possesses coding sequences for features important for a probiotic organism such as adhesion, acid tolerance, bacteriocin production, and lactose utilization, which was found to be conserved among the strains MTCC 5461 and CNRZ 1066. Biochemical analysis revealed the utilization of 17 sugars by the bacterium, where the presence of genes encoding enzymes involved in metabolism for 16 of these 17 sugars were confirmed in the genome. This study supports the facts that the strain MTCC 5461 is nonpathogenic and harbors essential features that can be exploited for its probiotic potential.
Streptococcus thermophilus is an essential lactic acid bacterium, used for commercial purposes like production of hard cheese of Swiss type, soft cheese, and yogurt [2, 9, 12] . It is also considered "the second most important industrial dairy starter after Lactococcus lactis" [20] . It is a thermophilic Gram-positive bacterium, lacks motility, and does not form spores. Although being related to other pathogenic streptococci (such as S. pneumoniae and S. pyogenes), S. thermophilus is classified as a nonpathogenic, single Streptococcus species to possess a generally recognized as safe (GRAS) status [3, 9] . The low level of nucleotide polymorphism among strains indicates the species homogeneity and its recent emergence [20] .
Along with applications in the manufacturing of dairy products, Streptococcus is reported to possess probiotic potential [15] . Currently, probiotics are defined as "Live microorganisms which when administered in adequate amounts confer a health benefit on the host" [19] . For a strain to be designated as probiotic, it should fulfill certain minimum criteria, such as the microorganism must fall under the GRAS category, it should have the ability to survive through the GI tract by tolerating low pH values of the stomach and tolerance towards bile salts in the duodenum, be able to adhere to the human intestinal cells, possess antagonistic mechanisms towards potential pathogenic microorganisms and have several health beneficial effects to the well-being of the host [16, 27] . Survival through the intestine and ephemeral colonization are important preconditions for a microbe to develop advantageous effects after consumption [14] .
S. thermophilus is reported to adhere to intestinal epithelial cells and survive through the intestinal passage [8] ; to develop intestinal microflora and help in lactose digestion, particularly for lactose intolerant individuals; and to possess immunomodulation properties, and high quantity biosynthesis of extracellular folate. Probiotic characteristics like cholesterol reduction, deconjugation of bile salts, and resistance to biological barriers including gastric juice and bile salts have also been observed in S. thermophilus [29] . The booming need for dairy products and increasing research on developing probiotics for human health benefits have led to the sequencing and genomic analyses of Lactobacillus strains [23, 24] . Genomic comparisons with other probiotic genomes using bioinformatic tools revealed features that are predicted to be important to the strains' intestinal stability and functional roles.
Probiotic genomes help in predicting the capabilities of various probiotic microorganisms and in the development of genetic tools to analyze the functionality of these strains as probiotics. Genomic data also provide information about their mode of action that would further facilitate in the improvement and selection of a new generation of probiotics. Such data will also provide information about microbemicrobe or host-microbe interaction factors influencing the performance of probiotics, and thus allowing a rational approach to strain improvement [27] . The S. thermophilus MTCC 5461 strain (earlier named as S. thermophilus MD8) was isolated from a curd sample collected at the Department of Dairy Microbiology, Anand Agricultural University in India. This culture has been extensively studied for the fermentation of milk and was found to be most stable and an industrially applicable starter culture for manufacture of curd with good flavor, body, and texture [6, 7] . In the curd prepared from different types of milk using S. thermophilus cultures, it was observed that S. thermophilus MD8 exhibited higher antimicrobial activity against Bacillus cereus, Salmonella typohosa, Escherichia coli, and Staphylococcus aureus and also possessed a higher amount of β-galactosidase as compared with two other strains of S. thermophilus, MD2 and D3 [5, 18, 28] . Therefore, the present study was aimed to perform entire genome sequencing of S. thermophilus MTCC 5461 and to predict the functionality of the genes and its probiotic potential by carrying out the genome annotation.
MATERIALS AND METHODS

Strain
The strain under study, S. thermophilus MTCC 5461 (earlier named as S. thermophilus MD8), was an isolate from a curd sample was collected by Department of Dairy Microbiology, SMC College of Dairy Science, Anand Agricultural University, Anand, Gujarat, India.
Genome Sequencing and Assembly
The whole genome sequence of S. thermophilus MTCC 5461 was determined by the 454 GS-FLX (Roche) and Ion Torrent PGM platforms as per the manufacturer's instructions. Resultant sequencing reads were generated by GS Run Browser and assembled using GS De Novo Assembler V.2.6. Reads were simultaneously subjected to GS reference Mapper software V.2.3 for aligning it to the reference sequence (S. thermophilus CNRZ 1066) and generate a consensus sequence of sample DNA library. The remaining unmapped reads were separated using a Perl script developed in-house and were assembled using GS De Novo Assembler.
Bioinformatic Analysis: 16S rRNA and Housekeeping Genes 16S rRNA comparison was performed by local BLAST of the assembled contigs with the 16S rDNA database containing 7,545 sequences, downloaded from NCBI via ftp. Further confirmation of homology was performed using the Ribosomal Database Project classifier. Sequences of genes coding for housekeeping proteins gyrA (DNA gyrase A subunit), rpoB (RNA polymerase open promoter), dnaJ (heat shock protein 40), and serB (phosphoserine phosphatase) were compared with the database created by sequences downloaded from NCBI via ftp.
Gene Prediction and Annotation
The genome annotation of MTCC 5461 and its comparative analysis against the published complete genome of S. thermophilus strain CNRZ 1066 was performed with the Rapid Annotation using Subsystem Technology V.4.0 (http://rast.nmpdr.org/rast.cgi) and Prokaryotic Genomes Automatic Annotation Pipeline (http://www.ncbi.nlm.nih.gov/genomes/ static/Pipeline.html).
Biochemical Analysis and Its Genetic Basis
The API 50 CH test kit and API CHL medium (bioMérieux, La Balme les Grottes, France) were used to test the abilities of S. thermophilus MTCC 5461 to ferment 49 carbohydrates moieties as per the manufacturer's instructions, and the results were studied using API 50 CHL V.5.1 software. The results of the biochemical tests were genetically analyzed for the presence of genes coding specifically for sugar metabolism.
Nucleotide Sequence Accession Number The S. thermophilus MTCC 5461 GenBank accession number is ALIL00000000. The RAST genome annotation ID is 6666666.17203.
RESULTS
Genome Sequencing and Assembly
The whole-genome sequencing of S. thermophilus MTCC 5461 generated data of 451,685 reads comprising a total of 94,355,474 sequenced bases. Mapping the reads with the published genome of S. thermophilus CNRZ 1066 as reference, using the GS reference mapper software, generated 156 contigs of total genome length 1,621,545 bp with a 39.3% GC content ( Table 1 ). The circular genome map showing sequences corresponding to CRISPR, probiotic features, RNA genes, and similarity with reference strains CNRZ 1066 and LMG 18311 is given in Fig. 1 . The contigs obtained after mapping showed 58X genome coverage. The remaining unmapped reads assembled using GS De Novo Assembler resulted in a total of 30 contigs of 111,218 bp size. The total genomic sequence size of S. thermophilus MTCC 5461 (~1.73 Mb) and GC content were in range with other available Streptococcus strain genomes (~1.79 MB). S. thermophilus MTCC 5461 covered 90.48% of the reference genome sequence, whereas a 111 kb sequence could not be mapped, representing a unique sequence to the MTCC 5461 strain.
16S rRNA and Housekeeping Genes
Local BLAST showed 98% identity with S. thermophilus ATCC 19258 strain. RDP results confirmed the taxonomy by giving classification outcome as Domain: Bacteria; phylum: Firmicutes; and genus: Streptococcus. Comparison showed 99% identity between the S. thermophilus MTCC 5461 and the other reference S. thermophilus strains for the housekeeping genes.
Gene Prediction and Annotation
In total, 1,764 coding sequence (CDS) regions and 78 RNA genes were observed (Table 1) . Of the 78 RNA The map represents the circular view of the genome sequence of S. thermophilus MTCC 5461 (Mapped Contigs). The circle was created using CG View server for online map creation. The outermost circular ring shows coding sequences (CDS) for CRISPR that are on the (+) strand, followed by the second ring from outside showing the CDS coding for the probiotic properties discussed ahead on the plus strand. The third and fourth rings show the rRNA and tRNA in the (+) and (-) strands respectively. The fifth and sixth rings from the outer part show coding sequences (CDS) for probiotic and CRISPR that are on the reverse strand. The next two consecutive rings show BLAST similarities. Using whole genome sequence fasta files of MTCC 5461 (Query DNA); CNRZ 1066 (Reference 1); LMG 18311 (Reference 2) BLAST hits obtained are shown in the seventh and eighth rings from the outermost to the center of the circular diagram. Circle 9 shows the G+C content. The innermost ring towards the center represents the GC skew information in the (+) strand (green color) and (-) strand (dark pink color). *The input file was given after filling the gaps between contigs; length depicted to be more than 1.7 Mb as compared with the actual size of 1.62 Mb.
genes, 59 coded for tRNA, 13 for rRNA, and 6 for 5S RNA. Fifty-nine tRNAs represented all the amino acids and were nonredundant for histidine, cysteine, and aspartate. The CDS regions were slightly fewer than in S. thermophilus CNRZ 1066 (1,969). Metabolic reconstruction subsystems were assembled to create a metabolic reaction network for S. thermophilus MTCC 5461. A total of 7 subsystems and 124 CDS were observed in metabolic subsystems reconstructed for the unmapped assembled contigs separately, which includes 7, 5, and 4 CDS known to be involved in the ribonucleotide reduction, glycogen metabolism, and de novo synthesis pathway regulation, respectively. Subsystem analysis revealed the common absence of genes coding for photosynthesis, IS elements, motility, and nitrogen metabolism in both organisms, and if present the genes are truncated and hence inactivated. S. thermophilus MTCC 5461 showed the presence of 14 extra genes in the categories of cofactors, vitamins, secondary metabolism, prosthetic groups, pigments, amino acids, and derivatives (Fig. 2, Table 2 ).
The genome study has shown the absence of many genes found in other S. thermophilus strains. The strain lacks the gene coding for RecQ that is responsible for genome stabilization. The genome study reveals the absence of virulence determinants such as the pneumococcal-like manganese ABC transporter lipoprotein PsaA, and a majority of pneumococcal-like choline-binding proteins, and also lacks complexity in carbohydrate utilization. The sortase gene related to virulence is present as a pseudogene in S. thermophilus MTCC 5461, and showed just 34.73% and 40% identity with pathogenic relatives S. salivarius and S. pneumoniae, respectively, where it is actively expressed. The genome showed the presence of a few Eps genes (less compared with the reference, as shown in Table 3 ) involved in the synthesis of exopolysaccharides. The genome annotation of S. thermophilus MTCC 5461 showed the presence of CDS related to the CRISPR region and its associated proteins. The organism, as shown in the table, contains an actively functional amino acid biosynthesis pathway.
Probiotic Features
The annotation showed the presence of many gene sequences, indicative of the probable probiotic potential of S. thermophilus MTCC 5461. A total of 18 CDS comprising clusters leading to acidic stress tolerance (6 CDS), bacteriocin/ colicin V production (8 CDS), lactose utilization (11 CDS), and adherence (1 CDS) are observed in the strain genome. The detail of the encoded enzymes related to the features is provided in Table S1 .
Biochemical Analysis and Its Genetic Basis
Biochemical tests for the fermentation profile using the API test kit showed positive results for the fermentation of 17 sugars that include arabinose, galactose, glucose, fructose, mannose, N-acetylglucosamine, amygdalin, arbutin, esculin, salicin, cellobiose, maltose, saccharose, melibiose, trehalose, raffinose, and lactose. Genome analysis confirmed the presence of genes coding for enzymes involved in the metabolic pathway for utilizing those 16 sugars (Table 3) . Gene sequences of sugars such as xylose, glycerol, fucose, lyxose, and dulcitol that gave a negative result in to API test were found to be absent in the genome study of S. thermophilus strain MTCC 5461. 
DISCUSSION
The whole-genome sequencing of S. thermophilus MTCC 5461, an important dairy starter culture, was performed using Roche GS-FLX titanium reagents and Ion Torrent PGM. The obtained reads were assembled and mapped with the reference S. thermophilus CNRZ 1066 strain. The genome annotation and comparative analysis of the genome were performed against the published genome of strain CNRZ 1066.
The present study has shown that the genome size and GC content of the strain are in similarity with the normal range observed for most of the S. thermophilus strains. The elimination of sequences conferring virulence indicates its adaption to the milk microenvironment. Housekeeping genes gyrA, dnaJ, serB, and rpoB were included in the present study as they have been used in numerous taxonomic studies regarding the identification of Grampositive bacteria and represent the more conserved genes [4] . Comparative analysis in subsystems indicates close genetic and biochemical similarities between S. thermophilus MTCC 5461 and S. thermophilus CNRZ 1066. The similarity may be due to the adaptation process in response to the dairy niche as the species is commonly used as a dairy starter culture [13, 26] . Sequences unique to the MTCC 5461 strain code for enzymes involved in the process of regulation and metabolism of DNA synthesis, and glycogen metabolism. The sequence includes atomic regulons like ribonucleotide reduction enzymes (NrD) that are known to catalyze the reduction of four ribonucleotides to the corresponding deoxyribonucleotides, and hence play an essential role during DNA synthesis [24] . Similar to the results observed for strain MTCC 5461, many streptococci are reported to lack RecQ, suggesting that RecQ is not involved in increasing the stability of the S. thermophilus genome as compared with its pathogenic relatives like S. pyogenes and S. pneumoniae. The absence of specific genes confers properties like adaptation to microenvironments, lack of pathogenecity, and exopolysaccharide production. Pathogenic strains utilize a wide range of carbohydrates that allow maintenance of these bacteria in their ecological niche. The observed lack of complexity in the subsystem related to carbohydrate utilization and the absence of virulence determinants such as PspA, PspC, the pneumococcal manganese ABC transporter lipoprotein PsaA, and a majority of pneumococcal choline-binding proteins in S. thermophilus strain MTCC 5461 is likely to reduce its virulence potential. Previous reports suggest that virulencerelated genes were present in the strain ancestral to both pathogenic species and seemingly S. thermophilus, and they were subsequently lost from the latter. This indicates the evolutionary divergence of S. thermophilus from its relative pathogenic strains. Pathogenic streptococci exploit surface-exposed proteins to achieve adhesion to mucosal surfaces and escape host defenses. Eps genes are reported as homologs of cps genes involved in capsule biosynthesis, conferring virulence to pathogenic strains, but S. thermophilus MTCC 5461 is not capsulated. Hence the eps found in the present strain can be said to be involved in a single role of extracellular polysaccharide synthesis. The presence of a clustered, regularly interspaced short palindromic repeat (CRISPR) locus containing 32 nearly perfect 29-bp repeats in the Streptococcus genome has been reported in previous studies. Similar DNA spacers have been observed in more than 40 microorganisms, including E. coli [20] . These sequences have been shown to be involved in resistance to bacteriophages [2] . CRISPR loci play a critical role in the adaptation and persistence of a microbial host in a particular ecosystem [30] . The Presence of exopolysaccharidesynthesizing genes is indicative of its important role in industrial applications, as they give the desired texture to dairy products. Lactic acid bacteria are found to be auxotrophic for several amino acids; nutrient supply related to amino acids thus being a challenge for it. Earlier, a branched-chain amino acid biosynthesis pathway has been identified as a key pathway for optimal growth of Streptococcus thermophilus in milk. The amino acid biosynthesis pathway, which is more functional in the dairy starter S. thermophilus, as revealed in the strain MTCC 5461 by the presence of CDS for aspartate, methionine, cysteine, and tryptophan biosynthesis, also indicates the different evolutionary pathways of these organisms [11, 21] . It might thus require fewer amino acid supplementations in the media as compared with other lactococci [31] . Various sequences coding for acid tolerance (glutamate transporter), bacteriocin cluster, adherence, and lactose uptake, related to probiotic properties, are observed in the genome. The gene alignment of these features with references showed 99% identity, and the absence of early termination is indicative that the genes are actively present in the genome.
Resistance to acid and oxidative stress is an important criterion for a probiotic to be able to survive in the low pH of human stomach and gastrointestinal passage. Large variety of genes coding for stress response have been observed in the S. thermophilus genome. Mechanisms of acid resistance used by Gram-positive bacteria include proton pumps, amino acid decarboxylation, electrogenic transport systems, chaperones involved in repair/degradation of damaged proteins, incremental expression of regulators promoting local or global responses, and structural alterations in the cell envelope [1] . Glutamate production is reported to have an effect on acid production and acid tolerance in both Gram-negative and -positive organisms. The glutamate transporter has an impact on the organism's acid tolerance capacity. Previous reports have shown that deletion of the glutamate transport operon in S. mutans resulted in a 95% reduction in transport of radiolabeled glutamate compared with wild-type [17] . The S. thermophilus genome encodes for an ABC glutamate transporter having a functional role in acid tolerance. The genome encodes for a cluster subsystem for bacteriocin production. Bacteriocin is an antimicrobial peptide that favors colonization of the probiotic organism by competing with other organisms of human microflora. One of the genes reported to be a membrane-bound gene tRNA pseudouridine synthase A implicated in colicin V (or bacteriocin) production [10] is present in strain MTCC 5461. It describes 8 genes cooccuring as a cluster. Adhering property is an important criterion of probiotics for ephemeral colonization in human GI tract after uptake. The subsystem defines a group A streptococcal genomic region that has been shown to play a crucial role in pili production and adhesion to human tissues. Lactose intolerance is the inability to digest significant amounts of lactose, a major sugar found in milk and milk products. Lactic acid bacteria break down lactose into short-chain fatty acids and other substances that can be absorbed in the colon. The genome indicated the presence of sequences coding for enzymes involved in lactose utilization and uptake. UDP-glucose 4-epimerase, an enzyme involved in the pathway for lactose uptake and utilization, is observed to be active biochemically, although genetically it is observed to be truncated at the N-terminal (Table S1 ). Probiotics can be developed as an efficient remedy to prevent and reduce symptoms of lactose intolerance.
Microorganisms are metabolically versatile. Most bacteria utilize a variety of carbon sources for adaptation to continuously changing surroundings and effectively compete with other organisms for limiting nutrients. For this, they contain sensing devices to monitor their surroundings, which can turn on and off the utilization of a large number of carbon sources according to the concentration gradients of nutrients. These systems work by phosphorylation of histidine, serine, and aspartate residues of the protein involved [22] . The phosphoenolpyruvate (PEP): carbohydrate phosphotransferase system (PTS) observed to be present in the MTCC 5461 CDS (Table 3 ) might also perform the PTS-mediated phosphorylation of those carbohydrates sources.
In conclusion, the S. thermophilus MTCC 5461 has a genome size of 1.73 Mb and low GC content of 39.3%. The strain can be concluded to be nonpathogenic and have a stable genome structure based on the genes present. From the genome study and annotation results obtained, it can be interpreted that the absence of surface-exposed proteins and the lack of many coding sequences related to carbohydrate metabolism confirms that the strain is avirulent. The genome of the S. thermophilus strain reveals the presence of probiotic properties like acid tolerance, beta-galactosidase activity, bacteriocin production, and adherence to intestinal cells, thus appearing as a promising candidate for further investigation through biochemical and clinical studies to elucidate the potential health benefits and application as a novel functional probiotic starter in the food industry.
